QCD sum rules are commonly used to predict the characteristics of groundstate hadrons. We demonstrate that two-point sum rules for the decay constants of 
Introduction
The spectrum of hadrons with a given spin-parity (J P ) and flavour contains radial excitations, the sequential resonances heavier than the ground state. In the N c → ∞ limit of QCD a series of equidistant resonances is anticipated [1] . Models of equidistant states based on the resonance saturation of the two-point correlation functions are used to investigate quark-hadron duality and its violation [2, 3, 4] . Some recent applications to heavy-flavour decays can be found in [5, 6] .
A clear identification of radial excitations on the background of hadronic continuum is a difficult experimental task. Usually these resonances are strongly coupled to the two-and three-hadron states from hadronic continuum, and these couplings generate large total widths. Note also that a strong mixing via intermediate continuum states can in principle significantly influence the pattern of the excited resonances, affecting their masses, widths and decay constants. It is therefore not surprising that radial excitations are well established [7] only for a few mesons. In this respect, the best studied are the neutral vector (J P = 1 − ) mesons directly produced in e + e − annihilation, especially the heavy quarkonia. There are at least five (six) observed radial excitations * of the J/ψ (Υ(1S)) meson [7] . For the light-quark mesons some excited states are presented in [7] , for example, ρ(1450) and ρ(1700) are identified as radial excitations of ρ(770).
Relatively little is known about the radial excitations of heavy-light D ( * ) and B [10] and CDF [11] collaborations on the excited bottom mesons hint at B ′ and B * ′ states.
Recently the radial excitations of charmed mesons were discussed in connection with the semileptonic B → D ′ ℓν ℓ decays [12, 13, 14] , hence dynamical characteristics of these mesons are becoming a topical subject for heavy flavour studies. * The notion "radial excitations" stems from quantum mechanics, where it is used to denote the bound states obtained by solving the radial Schrödinger equation in a central potential. In the framework of the quarkonium potential model, the radially excited 2 3 S 1 -state differs from the orbitally excited 3 D 1 -state, both having the same J P = 1 − . In QCD, a hadron is a relativistic bound state with a certain valence quark content. Hence, here we count as radial excitations all resonances having the same flavour and J P as the ground state.
The properties of radially excited heavy-light resonances were predicted in various versions of the constituent quark model, starting from [15] ; for a recent analysis, see e.g., [16] .
Assuming the dominance of the valence quark-antiquark state and solving the bound-state problem for a certain quark-antiquark potential, one calculates the energy spectrum and the values of the wave functions at the origin, i.e., the masses and decay constants of radially excited mesons. However, the accuracy of the quark-model calculations is difficult to assess in QCD, since the relativistic quark-antiquark and gluon degrees of freedom beyond valence approximation are not explicitly included. Some other theoretical studies were presented in [17, 18] . Quite recently, lattice QCD studies were performed to establish the properties of radially excited resonances. In particular, excited open-charmed mesons with J P = 0 − , 1 − have been studied in [13, 19, 20] .
In the QCD sum rule approach [21] , a correlation function of two interpolating quark currents with a given flavour content and J P is calculated using the operator product expansion (OPE) in terms of QCD vacuum condensates. In the hadronic dispersion relation, obtained applying unitarity to this correlation function, all radially excited states, together with the continuum multi-hadron states with the quantum numbers of the interpolating currents are usually included into one hadronic spectral density whereas the ground-state contribution is isolated. The dispersion integral over the spectral density of excited and multi-hadron states is approximated applying the quark-hadron duality and introducing an effective threshold. After that the physical characteristics of the ground state are determined with a certain accuracy.
It is conceivable that a correlation function calculated in the spacelike region, via quark-hadron duality provides certain dynamical information not only on the groundstate but on the whole spectrum of resonances † . Indeed, as shown in [2] , a correlation function, analytically continued to timelike momentum transfers, yields an infinite "comb" of equidistant poles. On the other hand, it is evident that the OPE with truncated power corrections can only provide a very limited information about hadronic states. In particular, the strong couplings of resonances to continuum states, their mixing and the resulting resonance widths are difficult to reproduce. † Attempts to describe the properties of excited states using finite energy sum rules, that is, attributing a finite duality interval to each sequential resonance, were made already quite some time ago, see [22] .
In this paper we consider as a study case the QCD sum rules for heavy-light currents, interpolating pseudoscalar and vector charmed and bottom mesons. The conjecture formulated above is addressed only to the first radial excitations of heavy-light mesons.
We demonstrate that modifying QCD sum rules, it is possible to determine the decay constants of these states in addition to the ones of ground states. In what follows, we extensively use the results of our recent work [23] where the sum rules for pseudoscalar and vector heavy-light mesons were updated.
The plan of the paper is as follows. In Section 2 we outline various procedures of constraining and/or estimating the decay constants of the first radially excited states using the sum rules. In Section 3 we present the numerical analysis. In Section 4 we summarize the results and discuss their possible applications.
Including radial excitations in the sum rules
In what follows, we consider QCD sum rules for the heavy-light pseudoscalar (J P = 0 − ) and vector (J P = 1 − ) mesons, which are, respectively, obtained from the following correlation functions:
and
where j 5 = (m Q + m q )q iγ 5 Q and j µ =qγ µ Q are the interpolating quark currents, Q = c, b
and q = u, d, s are the quark fields with finite quark masses defined in MS-scheme. In (2), only J P = 1 − states contribute to the invariant amplitude multiplying the transverse kinematic structure, and we define
. The decay constants of groundstate mesons H = {B, D} and H * = {B * , D * } are defined in a standard way, 
In the above, the quark condensate contribution (including the NLO terms calculated in [23] ) and the sum of gluon, quark-gluon and four-quark condensate contributions with dimensions d = 4, 5, 6 have, respectively, the indicesand d456 . The expressions entering the OPE (4) can be found in [23] and we will not repeat them here for brevity.
Turning to the hadronic representations of the correlation functions, we modify them, explicitly separating the first radial excitation from the spectrum of heavy-light states.
The hadronic spectral densities of the correlation functions receive then the following form:
where P is the light pseudoscalar meson (pion or kaon). For the excited resonances we assume a Breit-Wigner (BW) form of the spectral density with a constant total width. The dependence on the width and the modification of the BW form with an energy-dependent width will also be investigated. The spectral densitiesρ 
2 ) in the pseudoscalar (vector) channel. For pseudoscalar channels we take the decay H → H * P as a physical process giving the threshold. For the vector channel we chose the process H * → HP . Note that the widths of the excited resonances H ( * ) ′ are generated by their strong couplings to the continuum states, hence a part of the continuum contribution is effectively included in the radially excited resonance terms in the above spectral densities.
Our main assumption is that the semilocal quark-hadron duality approximation remains valid after isolating the excited state from the hadronic sum:
where ρ
5,T (s) is the spectral density of the perturbative loop contributions to the OPE and s
is the effective threshold. The latter parameter is expected to be larger than the one used in the conventional sum rules where only the ground state is separated from the hadronic sum. After applying the above duality ansatz and Borel transformation, the resulting sum rules are:
where the shorthand notation
is used and the Borel transformed correlation function is denoted as Π T (5) (M 2 ).
The masses and total widths of excited mesons H ′ and H * ′ will be specified in the next section using experimental data on charmed states and heavy-quark symmetry relations.
As usual in the sum rule analysis, one has to adopt an optimal interval of the Borel
max }, where the lower (upper) boundary is chosen so that within this interval the OPE is reliable (the continuum contribution remains subleading). After that the above sum rules can be used to estimate the meson decay constants.
As a starting point we fix the decay constants of the ground states. We use the decay constants f H and f H * obtained in [23] from conventional QCD sum rules (where the first excitation is included in the duality ansatz). Note that within uncertainties these values are in agreement with more accurate recent results from lattice QCD and also with the decay constants of charmed mesons extracted from experiment. Hence, lattice and/or experimental input values for the ground-state decay constants can equally well be used. After fixing the input values for the masses and ground state residue, the two unknown parameters remain in each sum rule (9) or (10): the decay constant f H ( * ) ′ of the excited state we are interested in and the new effective thresholds
. Putting the latter threshold to infinity, one immediately obtains the upper bound for f H ′ or f H * ′ . This bound is based on the positivity of all contributions to the hadronic spectral density and is independent of the duality approximation.
To employ the sum rules (9) and (10), while fixing the ground-state decay constants, one could try to follow the standard procedure (see e.g., [23] ): adjusting the effective threshold to the mass of the excited state. The mass squared of the resonance can be calculated by dividing the sum rule differentiated over (−1/M 2 ) by the original sum rule.
However, this procedure demands a very accurate knowledge of the excited meson mass, and practically only works in the zero width approximation when the spectral density of the excited state reduces to a delta function. Hence, in our numerical analysis presented below we use two different procedures:
(I) The decay constants f H ( * ) and f H ( * ) ′ and the effective thresholds
are fitted simultaneously. To this end for each separate heavy-light channel, we minimize the squared difference between the l.h.s. and r.h.s. of the sum rule summed over several points within ∆M 2 . E.g., for the pseudoscalar heavy-light meson channel we fit the values f H , f H ′ and
where for brevity the width of the excited state is neglected being included in the numerical analysis. A similar minimization procedure is used for the vector meson channel.
(II) The ground state contribution is eliminated from the sum rule. This is done, We emphasize that the method used in this paper goes beyond the conventional sum rule technique. E.g., in the procedure (I) described above, the two decay constants and effective threshold are simultaneously fitted to the Borel-transformed correlation function.
Hence, cautiously, one cannot exclude that a "systematic" uncertainty related to the quark-hadron duality is larger than in the usual sum rules. Still, due to the positivity of the hadronic spectral function, a cancellation between ground-and excited-state contributions in the sum rule cannot take place, hence a significantly biased estimate of decay constants is excluded. Furthermore, an important indication of the reliability is provided if both procedures (I) and (II) reproduce reasonably close values for the decay constant of a radially excited state.
Numerical estimates
The input parameters in the OPE on the r.h.s. of the sum rules (9) and (10) include the quark masses, strong coupling and condensate densities. We adopt the same values as in Table I of [23] where one can find the detailed discussion and relevant references. shifting it to M 2 = 5.5÷7.5 GeV 2 and M 2 = 6.5÷8.5 GeV 2 for uncertainty estimates. The default Borel intervals still satisfy the criteria mentioned in the previous section although they are shifted to somewhat larger values with respect to the intervals used in [23] . This is done on purpose in order to enhance the contributions of the excited states.
In the hadronic part of the sum rule the masses and total widths of the three excited charm mesons are taken from experiment [7] and collected in 
relying on the SU(3) f l symmetry for the excitation energy. For the radially excited Bmesons it is conceivable to apply simple relations valid in the heavy quark limit:
.
The estimated masses of excited hadrons are shown underlined in Table 1 and compared to the quark model estimates from ref. [16] . Note that quark model predictions are for excited charmed mesons systematically larger than the available experimental values and for bottom mesons systematically smaller than the masses estimated from heavyquark symmetry relations. The accuracy of symmetry relations for B-mesons is expected to be higher than for charmed mesons since the corrections are of O(1/m Q ). The recently observed state B(5970) [11] interpreted as an excitation with J P = 1 − , nicely coincides with B * ′ -meson predicted from (14) with an estimated mass m B * ′ = 5975 MeV. Hence, the relations based on heavy-quark symmetry seem to be reliable. We add ±50 MeV uncertainty to the central values of the estimates (14) to allow for a very conservative error. Furthermore, for the yet unknown total widths we assume a rather broad interval between 50 MeV and 150 MeV which is in the ballpark of measured total widths of charmed mesons. Note that an accurate prediction of the total widths of radially excited
130 ± 18 [7, 8] 2709 ± 4 117 ± 13 [7] 597 ± 4 2731 states is a difficult task because several channels of strong (flavour-conserving) decays with the corresponding strong couplings contribute. In future, when the masses, branching fractions and total widths of all radially excited heavy-light mesons will be measured, one can substantially refine the above input.
The results for the decay constants for heavy-light mesons predicted from QCD sum rules (9) and (10) are collected in Table 2 . In the first column we quote the decay constants of ground-state mesons obtained in [23] . We use these constants as inputs while obtaining the upper bounds for the decay constants of excited states which are independent of duality assumption. These bounds are calculated putting s
→ ∞ in the sum rules (9) and (10). For each bound the maximal value is determined within the optimal Borel interval. To this value we also add the uncertainty obtained after varying the parameters in the sum rules. The resulting bounds are presented in the last column of Table 2 . We see that the bounds are somewhat restrictive for the charmed mesons, but not for bottom mesons.
Our main numerical results obtained from the fit procedures (I) and (II) described in the previous section are also shown in Table 2 . Remarkably, these two quite different procedures predict consistent values of the decay constants of excited mesons. Most importantly, the ground-state decay constants obtained from the fit (I) are very close to the ones obtained in [23] from conventional sum rules, providing a cross-check of our calculation and ensuring the validity of quark-hadron duality beyond the ground state.
The uncertainties quoted in Table 2 originate from: a) the variation of all input parameters in the OPE; b) the shift of the M 2 intervals as explained above; c) the mean squared fit error (reflecting the uncertainty induced by duality threshold); d) the variation of the masses of excited states and widths within the intervals shown in 38.61 325 Table 2 : Decay constants of charmed and bottom mesons obtained from QCD sum rules and the corresponding effective thresholds.
The estimated uncertainties for the ground-state decay constants obtained here and in [23] are in the same ballpark. For radially excited states the uncertainties of decay constants are intuitively expected to be larger than for the ground states. In fact, the contributions of excited resonances to the Borel-transformed correlation function have a smaller but comparable exponential weight with respect to the ground state, therefore the uncertainty returned by fit procedures (I) and (II) can also be in the same ballpark, as for example in the case of B ′ meson. The actual outcome of our numerical analysis becomes more transparent in terms of relative uncertainties, that is, if one divides the total variation quoted in Table 2 by the value obtained at the central input. These relative uncertainties vary from about 12 % for the B ′ -meson up to 40% for the D * ′ s and B * ′ (s) mesons. Meanwhile, the corresponding uncertainties for all heavy-light ground states do not exceed 15%. Note that the "systematic" uncertainty caused by quark-hadron duality approximation, which is difficult to quantify on the basis of the input parameter variations, can also be somewhat larger for the decay constants of the excited states.
In Table 3 we present the error budget of our predictions in more detail. The largest uncertainties originate from the renormalization scale and quark mass variation, added in quadrature together with other input parameters in the OPE and denoted as ∆ param in Table 3 As an alternative to a constant total width for excited heavy-light mesons, one can also use an energy-dependent width taking into account the hadronic continuum threshold. To investigate the influence of this effect we have inserted
in the Breit-Wigner ansatz for spectral densities (5) and (6) where for the s-dependent width the model [24] has been adopted (see, e.g., also [25] ), e.g., for H * ′ :
In the above, λ(a, b, c) = a 2 +b 2 +c 2 −2ab−2bc−2ac and the kinematical factor originates from the p-wave phase space of the decay H * ′ → HP . The analogous formula is valid for the excited pseudoscalar mesons where the width is dominated by the H ′ → H * P decay. Altogether, the influence of the total width on the decay constants of excited mesons obtained from the sum rules is small. To give an example, the D Importantly, as seen from Table 2 , the decay constant of a heavy-light excited meson is predicted systematically smaller than for its ground state. To investigate the origin of this difference we present in Table 4 effects, most of all the leading contribution of the quark condensate effectively redistribute the spectral density of the correlation function so that the ground-state contribution gets enhanced and the first radial excitation suppressed.
Conclusion
In this paper we have attempted to determine the decay constants of first radially excited heavy-light mesons. To this end, modified QCD sum rules were obtained, in which, in addition to the ground-state meson contribution also the excited state is included being separated from the rest of the hadronic spectral density. We applied two different procedures, one of them independent of the ground-state contribution. The results of both procedures are consistent with each other and with the standard sum rule calculation [23] of the ground-state decay constants. This consistency justifies the validity of the quarkhadron duality approximation beyond the ground state hadron in the correlation function of heavy-light currents. In future, the same technique can be used for other excited hadrons with various flavour and spin-parity quantum numbers. Also studies of nondiagonal two-point correlation functions can be useful, with two different currents having the same quantum numbers but different quark-gluon content. Here, one will employ the conjecture that excited hadronic states have a larger coupling to quark-antiquark-gluon currents.
Our results reveal a relative suppression of the decay constants of the radially excited states with respect to the ground state. This difference can be traced to nonperturbative effects. In future, more precise data on radially excited charmed and bottom mesons will allow to improve the accuracy of our predictions.
The decay constant of the excited charmed meson D ′ predicted here agrees within uncertainties with the recent lattice QCD result f D ′ = 117 ± 25 MeV obtained in [13] .
On the other hand, we cannot confirm the estimate f D * ′ ∼ 300 MeV obtained in [12] .
The results obtained in this paper can be used in several ways. First, it is possible to extend hadronic representations in various light-cone sum rules (LCSR) in order to try alternative patterns of quark-hadron duality, beyond one-resonance approximation. E.g., and f D * ′ . For the latter, the result of this study can immediately be used.
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